Abstract-Small cell networks are becoming standard part of the future heterogeneous networks. In this paper, we consider a two tier heterogeneous network which promises energy savings by integrating the femto and macro cellular networks and thereby reducing CO 2 emissions, operational and capital expenditures (OPEX and CAPEX) whilst enhancing the area spectral efficiency (ASE) of the network. In this context, we define a performance metric which characterize the aggregate energy savings per unit macrocell area and is referred to as area green efficiency (AGE) of the two tier heterogeneous network where the femto base stations are arranged around the edge of the reference macrocell such that the configuration is referred to as femto-on-edge (FOE). The mobile users in macro and femto cellular networks are transmitting with the adaptive power while maintaining the desired link quality such that the energy aware FOE configuration mandates to (i) save energy, and (ii) reduce the co-channel interference. We present a mathematical analysis to incorporate the uplink power control mechanism adopted by the mobile users and calibrate the uplink ASE and AGE of the energy aware FOE configuration. Next, we derive analytical expressions to compute the bounds on the uplink ASE of energy aware FOE configuration and demonstrate that the derived bounds are useful in evaluating the ASE under worst and best case interference scenarios. Simulation results are produced to demonstrate the ASE and AGE improvements in comparison to macro-only and macro-femto configuration with uniformly distributed femtocells.
I. INTRODUCTION
Heterogeneous networks emerges as a striking solution to the challenging demands such as high data-rate transmission, high spectral and power efficiency, improved cell coverage, and cell edge performance of the future wireless networks. Heterogeneous network unites and support diverse entities such as multiple radio access technologies (RATs), architectures, and allows flexible setup of user deployed base stations (BSs) such as micros, femtos, and picos to enhance the network coverage and capacity [1] - [3] . A key recent trend in this regard is the use of femtocells overlaid throughout the traditional macro cellular network which facilitates the operation and transmission of the macrocell BSs in various perspectives. Firstly, the femtocell deployment shares the traffic load of macrocells whilst alleviating the capital and operational expenditures (CAPEX and OPEX) of macrocell BSs [1] , [4] . Moreover, the mobile users located within a given femtocell enjoys high quality transmission due to their short distance from the serving BS, hence ensuring enhanced network capacity. The femtocell technology has also been praised as greener, i.e., more energy efficient technology due to the short distance communication [5] - [7] .
Several macro-femto deployment strategies are currently under consideration and their performance is commonly calibrated with respect to the achievable profitability, spectral efficiency, and outage probability [7] . However, energy efficiency has been recently marked as one of the alarming bottleneck in the telecommunication growth paradigm mainly due to two major reasons i) dramatically varying global climate [8] , and ii) slowly progressing battery technology [9] , [10] . Therefore, it is of immense importance for the network designers to critically calibrate the energy efficiency of various deployment strategies along with the other performance metrics.
Recently, in [11] we propose two-tier macro-femto deployment in which the femto BSs are arranged around the edge of the reference macrocell. The deployment is referred to as Femto-on-edge (FOE) and has been shown to produce significant area spectral efficiency (ASE) gains compared to macroonly network. In this paper our contribution is three fold; (i) we extend the framework presented in [11] to compute the uplink spectral and energy efficiency of the energy aware FOE configuration by considering that each mobile user is capable of adapting its transmit power autonomously through selfcalibration while maintaining a certain signal power received at the BS [12] . In this context, we define a performance metric which characterize the network power savings per unit macrocell area. We refer this performance metric to as area green efficiency (AGE) of the two tier heterogeneous network, (ii) we demonstrate that the energy aware FOE configuration offers significant ASE and AGE gains in comparison with the macro-only and macro-femto network deployments with uniformly distributed femtocells (UDF), (iii) Taking into account the worst and best case interference scenarios, we derive analytical expressions to compute the bounds on the ASE of energy aware FOE configuration.
The rest of the paper is organized as follows. Section II discusses the system model. In Section III, we calculate the ASE and AGE of the energy aware FOE configuration. Also, bounds on the ASE of energy aware FOE configuration are derived. Section IV presents numerical and simulation results followed by the concluding remarks in Section V.
II. SYSTEM MODEL In this section, we explain the network layout, the channel propagation model, the bandwidth partition and the channel allocation strategy of the energy aware FOE configuration.
A. Network Layout
We consider two tier energy aware heterogeneous network in the uplink as illustrated in Fig. 1 where the integration The second tier of the heterogeneous network comprises of N circular femtocells each of radius R n [m] with lowpower low-cost user deployed femto BSs B n located at the center. We consider that the femtocells are distributed around the edge of the reference macrocell such that the resultant femtocell deployment is referred to as Femto-on-edge (FOE) configuration. For practical reasons, we calculate the number of femtocells per macrocell as follows
and the factor 0 < μ ≤ 1 is referred to as the femtocell population factor (FPF) which control the number of femtocells per macrocell, i.e., μ = 0 off-load femtocells 1 maximum number of femtocells per macrocell
(1) The number of mobile users in each femtocell can be given
. To be precise, in FOE configuration, L out of H mobile users are uniformly distributed over the region bounded by R 0 and R 1 whereas the remaining mobile users, i.e., H − L are reserved for N femtocells. The bandwidth allocated to a macrocell is reused throughout the macrocell network at a distance
, where R u represents the network traffic load and R u =2 for a fully loaded cellular network. The total bandwidth allocated to the femtocell tier is reused in each of the N femtocells within a macrocell.
B. Bandwidth Partition and Channel Allocation
We consider the spectrum partition based on the proportion of the number of mobile users in the macrocell and the femtocells. Let w t [Hz] is the total bandwidth of the available spectrum per cell then the total bandwidth may be divided as
where
are the amount of the spectrum dedicated to the macrocell and the femtocells respectively based on the proportion of the number of active mobile users. The allocated bandwidth of each mobile user in the macro and the femto cellular networks may be respectively calculated as w l,m = w m /N m and w f,n = w n /N n ; where N m and N n are the number of active serviced channels available per macrocell and femtocell respectively. Moreover, for simplicity we consider that each channel can be allocated to one mobile user at a time and there will not be any mobile user which cannot be serviced by the respective macro or femto BS such that N n = F and N m = L.
C. Energy Aware Channel Propagation Model
Wireless channel is usually modeled by (i) distance dependent path-loss, (ii) shadowing, and (iii) multipath fading. In this paper, we only consider path-loss effect since we assume a scenario where an efficient antenna diversity combining system is employed at the BS to eliminate the effects of multipath fading [13] . However, this is not a limitation of this work and extensions are possible for shadowing and fading scenarios. We consider two slope path-loss model to obtain the mean received power as a function of the distance between the mobile user and the respective serving BS. In general, the path-loss model can be written as follows
where P rx [W] denotes the average received signal power at the reference BS from the desired mobile user which is located at a distance r from the same reference BS; K is the constant which is depending on path-loss factor; P tx = P max [W] is the maximum transmit power of each of the mobile user; α is the basic path-loss exponent; β is the additional pathloss exponent; and g = 4htxhrx λc
[m] is the breakpoint of a path-loss curve and it strictly depends on the BS antenna height h rx [m] and the antenna height of mobile user h tx [m] and λ c is the wave length of the carrier frequency. As each mobile user is considered to be capable of adapting its transmit power autonomously while maintaining a certain signal power received at the BS, the adaptive transmit power can be written as
where P 0 [W] denotes the signal power received at the BS. Note that (4) is a simplified version of the conventional uplink power control (PC) which is recently approved by 3 GPP in Long Term Evolution (LTE) networks. The distance at which mobile users require their maximum 530
power P max to fully compensate path-loss while maintaining a certain signal power received at the BS P 0 is referred to as the threshold distance (R t ). Since the mobile users located within R t can compensate their path-loss while saving some proportion of their power, therefore the region within R t is referred to as green area. However, the mobile users located beyond R t may transmit with their maximum power to achieve some throughput gains. R t can be computed by solving the following equation numerically.
For special cases, in which β = α, R t can be given as follows
Moreover, in the scenarios where β = mα and m is an integer, R t can be determined using standard mathematical software packages such as MATHEMATICA.
D. Mobile User Distribution
All mobile users are considered mutually independent and uniformly distributed in their respective cells. Thus, the joint probability density function (PDF) of the location of any macrocell mobile user located at (r, θ) from its serving macrocell BS can be given as
where R 0 ≤ r ≤ R 1 and 0 ≤ θ ≤ 2π. Similarly, the joint PDF of the location of any femtocell mobile user which is located at (r,θ) from its serving femto BS can be given by
where 0 ≤r ≤ R n and 0 ≤θ ≤ 2π (see Fig. 1 for geometrical representation of distances R 2 and R 1 ).
III. ASE AND AGE OF THE ENERGY AWARE HETEROGENEOUS NETWORK
In this section, we present the mathematical analysis to compute the ASE and AGE of the energy aware FOE configuration. In addition we derive analytical expressions to compute the bounds on the ASE of the FOE configuration.
A. Area Spectral Efficiency of FOE Configuration
The ASE is typically defined as the sum of the maximum achievable rates per unit bandwidth per unit macrocell area [13] . We express ASE with reference to the macrocell as the allocated frequencies are reused in the macrocells which are located at a distance D [m] . Therefore, we calculate it over the portion of the area covered by macrocell given as π(R m + R n ) 2 . The ASE can then be expressed as follows
where R u is the normalized reused factor and R u = 2 represents a fully loaded cellular network. C h denotes the capacity of heterogeneous network and can be written as
C fn (12) where C m and C n [bits/sec] are the mean achievable capacity of m th macrocell and N femtocells, respectively and C lm = w lm log 2 (1 + γ lm ) is the Shannon capacity of l th mobile user in the m th macrocell whereas C fn = w fn log 2 (1 + γ fn ) is the Shannon capacity of f th mobile user in the n th femtocell. Since we consider an interference limited system where the thermal noise power is negligible relative to the co-channel interference power [13] , the received SIR of the l th macrocell mobile user in cell m, i.e., γ lm can be given as
where P rx lm,Bm (r) is the received power level at B m from the l th mobile user in cell m and can be written explicitly by substituting (3) in (13) 
where P 
B. Bounds on the ASE of Energy Aware FOE Configuration
We will now focus on deriving the analytical bounds on the ASE of two tier energy aware FOE configuration. It is important to note that determining the statistics of cumulative interference for two slope path-loss model is computationally intensive due to the arbitrary location of the interferers in the uplink. Therefore, we simplified our analysis by fixing the distance of the interferers and their transmit powers which helps in evaluating the bounds for the worst case and best case interference scenarios. The developed bounds provide useful insights in determining the worst case and best case SIR of heterogeneous networks mathematically.
1) Upper Bound: In order to evaluate the upper bound, we consider macrocell best interference configuration which mandates all cochannel interferers to be located on the far boundary of their respective cells, i.e., at a distance of D + R 1 [m] from the desired mobiles BS while transmitting with a power of P m = min(P max , P 0 KR
. On the other
, and U(.) is the unit step function.
hand, the femtocell interferers are considered to be located at the edge of their respective cells as illustrated in Fig. 1 , while transmitting with the power
. However, determining the exact best edge with respect to the BS of interest is not simple in femtocell setup, therefore for sake of simplicity we categorized the femtocell interferers roughly into two groups based on their distances from the BS of interest (See Fig. 1 ). 2) Lower Bound: In order to evaluate the lower bound, we consider macrocell worst interference configuration which mandates all cochannel interferers to be located on the near boundary of their respective cells, i.e., at a distance of D −R 1 [m] from the desired mobiles BS while transmitting with P m . Whereas the femtocell interferers are considered to be located at the edge of their respective cells as illustrated in Fig. 1 , while transmitting with P n .
In order to determine the worst/best edge with respect to the femto BS of interest we will now explain the details of the two interferer group. The first group (Group 1) corresponds to the group of interferers which are relatively located near the femto BS of interest (See Fig. 1 ), therefore by applying the cosine law, the worst and best case distance d ± 1,n for Group 1 femtocell interferers can be given as
where n denotes the integer number by which femto interferer BS is angularly spaced from the femto BS of interest,
∀N ∈ Odd. The second group (Group 2) corresponds to the group of interferers which are relatively located far from the femto BS of interest, therefore d ± 2,n for Group 2 femtocell interferers is given as
By using the symmetry of the FOE configuration, the distances of the remaining half interferers can be computed using (17) and (18). Conditioned on the location of the desired mobile user in macrocell, the worst and best case SIR (γ ± l,m ) can then be derived as:
Similarly, the worst case and best case SIR which is conditioned on the location of the desired mobile user in femtocell is given as follows:
The SIR of desired macro and femto cell mobile user in (19) and (20) can be written in more compact form at the top of this page. Finally, averaging over the distribution of the location of the desired mobile user in macrocell and femtocell, the worst case and best case Shannon capacity can be given as
The integration can be solved using mathematical software packages such as MATHEMATICA. Finally, the bounds on η of the FOE configuration can be given using (12) as
C. Exact Area Green Efficiency of FOE Configuration
The AGE of a two tier heterogeneous network is defined as the aggregate power savings per unit macrocell area while maintaining a certain signal power received at the BS receiver. Mathematically, the AGE of two tier hetergoneous network can be expressed as
In order to calibrate the AGE of the energy aware FOE configuration, we guarantee the received signal power of P 0 at both femtocell and macrocell BSs. The total power savings of L macrocell mobile users P m can be determined as P m = L l=1 P l m where P l m is the power saving of the l th mobile user located in cell m and can be given as follows
Similarly the total power savings of NF femtocell mobile users P n can be given as P n = N n=1 F f =1 P fn where P fn is the power saving of the f th mobile user located in cell n and can be given as follows
In general, a closed form expression for P lm given in (26) can be derived as: where B(·, ·, ·) is the incomplete beta function. Similarly, closed form expression for (27) can be derived as:
IV. SIMULATION RESULTS AND DISCUSSIONS In this section, we quantify the achievable ASE and AGE gain of the energy aware FOE configuration compared to macro-only and macro-femto UDF deployment through simulations. The simulation parameters are summarized in Table  1 . The number of mobile users are considered to be adaptive with the coverage area, i.e., we ensure 0.001 mobile users per m 2 . For sake of fair comparison, N is taken to be same for UDF and FOE configurations. Fig. 2 demonstrates the ASE gain of FOE compared to macro-only configuration with and without PC. The ASE gain in FOE configuration is more significant within R t = 422m compared to the UDF configuration. This is due to the fact that FOE deployment restricts only the cell-edge mobile users to communicate with the femtocells which enhances the overall network ASE compared to UDF configuration. More precisely, UDF configuration allow femto BSs to be deployed in the cell center also which causes an under-utilization of the macro BS capabilities (existing infrastructure). Thus, the performance degradation due to the cell-edge mobile users still exist in the UDF deployment. Due to the weaker channel gains of the mobile users in the large macrocells, the degradation of ASE with R m is also obvious. However, as R m increases beyond R t , the proportion of mobile users transmitting with P max in macrocell increases which enhances the co-channel interference. Thus, the effectiveness of small femtocell tier, i.e., R n = 50m compared to the region R 1 − R t is reduced. Fig. 3 demonstrates the significant AGE gains of the FOE configuration compared to the macro-only and UDF deployments. Since the deployment of femtocells at the macrocell edge in FOE configuration mandates a reduction in the number of edge mobile users transmitting with the maximum power, the AGE gains are self-explanatory in FOE configuration relative to UDF configuration. However, this effect is more dominant within the threshold distance R t = 422m which is due to the fact that the increase of R m until R t increases the number of energy efficient users in both UDF and FOE deployments, however, the energy efficiency of cell-edge users in FOE is higher than the UDF deployment. Nonetheless, this gain of FOE increases till R t = 422m beyond which all macrocell mobile users start transmitting with P max in UDF and FOE configurations and the probability of UDF deployment in non-green area also increases which is equally beneficial as FOE configuration, therefore the effectiveness of FOE slowly disappears beyond R t .
In general, the network AGE is found to degrade with the increase of R m which is due to the increase in the proportion of mobile users beyond R t which are transmitting with their maximum power. Therefore, beyond R t the power savings settle down at a specified level as demonstrated in Fig. 4(a) . However, small increase of power savings can still be observed due to the increase in the number of femtocells N at the edge and inturn the number of mobile users at the edge of macrocells. The relative AGE gain in percentage with reference to the macro-only configuration is also computed in Fig. 4(b) to illustrate the effective increase in AGE. Fig. 5 presents the theoretical bounds on the ASE of FOE configuration. These bounds provide insights on the gain in ASE of the desired mobile user suffering from the worst case or the best case interference configurations. We can observe that the upper bound is quite tight in FOE configuration which is the scenario in which the macrocell and femtocell interferer are located at the far edge of the interfering cell while transmitting with the adaptive power. The tighter upper bound can therefore be utilized to approximate the ASE of two tier heterogeneous networks numerically.
V. CONCLUSION
In this paper, we critically evaluated the area green efficiency (AGE) and area spectral efficiency (ASE) of a macroonly and two macro-femto network deployments (i) femto-onedge (FOE) (ii) uniformly distributed femtocell (UDF). FOE deployment has been shown to provide significant ASE and AGE gains compared to other deployments especially within the threshold distance (R t ) as the users located within the threshold region are able to maintain a desired signal power received at the BS by fully compensating their path loss which is based on their distance from the serving BS. Extensions to the shadowing and fading environments has been covered in the upcoming journal version. [8] Vodafone
Chair, "Cool cellular-energy efficient network architectures and transmission methods," avaiable at
